Lysine was excreted by Bacillus megaterium CII19 after growth in chemically defined media containing low concentrations of sulphate. Addition of more sulphate, or cysteine or methionine stopped lysine formation; instead ornithine was excreted. All the enzymes of the pathway leading from aspartate to lysine were assayed in extracts prepared from organisms grown in batch and continuous cultures (sulphur-or carbon-limited). The rate of the slowest step (tetrahydrodipicolinate acetylase) limited the rate of lysine synthesis to about 10 nmol min-l (mg protein)-', though none of the other enzymes was very much more active. Aspartokinase, aspartic P-semialdehyde dehydrogenase, dihydrodipicolinate synthase and N-acetyl-aminoketopimelate : glutamate aminotransferase were partly repressed by methionine; aspartokinase was also partly repressed by threonine. The aspartokinase repressed by methionine was inhibited by methionine plus lysine (though not by either amino acid singly), and the aspartokinase repressed by threonine was inhibited by threonine. None of the other repressible enzymes was inhibited by these amino acids. The activities of enzymes of glutamate and ornithine biosynthesis were very little altered by growth with limited or excess sulphate.
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I N T R O D U C T I O N
In Bacillus megaterium the amino acid lysine is synthesized from aspartic acid and pyruvate by the pathway shown in Fig. 1 . The complex and varied means of control of this pathway found in bacteria of different genera have recently been reviewed by Umbarger (1978) . Disturbance of these regulatory mechanisms may lead to overproduction of lysine, and mutants that excrete lysine are used commercially (reviewed by Demain, 197 1) . Organisms that overproduce lysine can also be isolated from nature, for example, by screening for resistance to the antimetabolite S-2-aminoethylcysteine, which is an analogue of lysine (Sano & Shiio, 1970) . Bacillus megaterium CII19 is such a 'natural' excretor of lysine. However, the organisms only excrete lysine when the concentration of sulphur in the medium (as SO:-, cysteine or methionine) is restricted; a surplus of sulphur leads to excretion of ornithine.
The excretion of lysine might result from the production of large amounts of the enzymes concerned in the formation of this amino acid, or it might occur because lysine cannot limit its own synthesis by feed-back inhibition or repression in these bacteria. To test these possibilities, every enzyme of lysine biosynthesis has been assayed in extracts of B. megaterium CII 19, and some regulatory effects of lysine, methionine and threonine on these enzymes have been examined. The enzymes of ornithine biosynthesis (Fig. 2) have also been assayed to find out whether their activities were changed when ornithine, rather than lysine, was excreted. 
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M E T H O D S
Organisms. Bacillus megaterium CII 19 was isolated from Indian soil, as a lysine excretor, by its ability to cross-feed lysine auxotrophs of Escherichia coli K12 (Chatterjee & Banerjee, 1972) . The strain was maintained on agar slopes of medium A1 (White, 1972) supplemented with biotin (1 pg 1-I). Escherichia coli W (ATCC 9637) and Bacillus sphaericus NCTC 9602 were maintained on nutrient agar slopes.
Medium. The minimal medium A1 (White, 1972) was supplemented with biotin (1 pg l-l), thiamin.HC1, pyridoxine. HCl and calcium pantothenate (each 100 pg 1-l). In batch cultures all the inorganic sulphates of medium A1 were sometimes replaced by equimolar amounts of chlorides (modified medium A l ) and the concentration of SO:-was varied by adding required amounts of Na,SO,. For growth in the chemostat, glycerol and NH,Cl were used at 2 % (w/v) and 0.5 % (w/v), respectively, in modified medium A 1 from which Na,HPO, was omitted. Different additions to this medium are described in the text.
Growth of cultures. For batch culture the organism was grown in shaken flasks at 30 "C and growth was assessed from turbidimetric measurements as described previously (White, 1972 ). An aqueous suspension of bacteria prepared from a 24 h old culture on an agar (medium A l ) slope was used (2%, v/v) to inoculate the flasks. Organisms were harvested soon (generally about 5 h) after growth had stopped, at which time excretion of lysine or ornithine was taking place.
For continuous culture the organism was grown in a chemostat (Model CC 1500, L. H. Engineering Co., Stoke Poges, Bucks, U.K.) of 2.51 working volume. Temperature was maintained at 30 OC and dissolved oxygen in excess of 50% saturation; the pH value was controlled at 7.0 by addition of ~. O M -N~O H .
A dilution rate of 0.025 h-' was used throughout, and organisms were harvested from steady states of both SO:--limiting and SO:--excess (carbon-limiting) cultures.
Residual glycerol and NH: in the chemostat effluent were analysed by the methods of Wieland (1965) and Tetlow & Wilson (1964) respectively. Lysine was estimated colorimetrically according to Work (1 957) . Ornithine was assayed according to Chinard (1952) .
Enzyme assays. Bacteria from shaken flasks or the chemostat were harvested by centrifugation at 10000 g for 30 min, then washed twice with 0.02 M-phosphate buffer at pH 7.0. The washed organisms were resuspended in the buffer that was appropriate for the enzyme assays in which the extract was subsequently to be used. Extracts were made at 2 OC by passing the organisms at 140 MPa through a press (Milner et al., 1950) and removing the debris by centrifuging at 20000 g for 20 min at 2 OC. Protein in the extract was assayed by the Lowry method, with bovine serum albumin as standard. Enzyme activities, unless otherwise stated, were measured at 30 OC. Extracts were dialysed (or desalted on Sephadex G-25 columns) against the buffer that was used for the subsequent enzyme assay.
Aspartokinase (EC 2.7.2.4) was assayed in triethanolamine/HCl buffer at pH 8-0 by the method of Truffa- Bachi & Cohen (1970) . Aspartic P-semialdehyde dehydrogenase (EC 1 .2.1.11) was assayed in the reverse of the biosynthetic direction by recording the aspartic P-semialdehyde-dependent anaerobic reduction of NADP+ in a reaction mixture similar to that of Hegeman et al. (1970) . Dihydrodipicolinate synthase (EC 4.2.1 .52) was assayed by measuring at 540 nm the purple adduct formed by dihydrodipicolinate with o-aminobenzaldehyde in the reaction mixture of Shedlarsky (1971) . One unit of enzyme is defined as the amount that catalyses an increase in absorbance of 0.001 min-' after reaching the maximal velocity (which was achieved only 30 min after mixing the reactants). Dihydrodipicolinate reductase (EC 1 .3.1.26) was assayed by following the anaerobic oxidation of NADPH using a reaction mixture similar to that of Farkas & Gilvarg (1965) . The aspartic semialdehyde-pyruvate condensing enzyme required to generate dihydrodipicolinate was purified from E. coli W (Shedlarsky, 197 1) . Tetrahydrodipico1inate:acetyl-CoA acetyltransferase was assayed at 30 OC from the rate of increase of A,,, in the following system (1 ml total vol.): Tris/HCl buffer, pH 8.0, 10 pmol; acetyl-CoA, 0.0 1 pmol; tetrahydrodipicolinate 1 pmol; 5,5'-dithiobis-(2-nitrobenzoic acid) 0.0 1 pmol; and extract containing 0.5 mg protein. A correction was made for the rate of increase of (due to release of free CoA) that occurred in the absence of tetrahydrodipicolinate from the assay mixture. N-Acetyl-aminoketopime1ate:glutamate amino transferuse was assayed in the reverse of the biosynthetic direction by measuring the decrease of N-acetyl-LL-diaminopimelic acid in the method of Sundharadas & Gilvarg (1967) . The reaction mixture (total vol. 130 pl) contained: potassium phosphate buffer pH 7.0, 20 pmol; N-acetyl-LL-diaminopimelic acid, 0 -2 pmol; pyridoxal phosphate, 20 pg; 2-oxoglutarate, 0.5 prnol; EDTA, 0-6 pmol; and extract containing 0-6 mg protein.
N-Acetyl-LL-diaminopimelate deacylase was assayed by the method of Saleh & White ( 1969) . N-Acetyl-LL-diaminopimelate was synthesized from LL-diaminopimelate by the method of Ward ( 1975) . Diaminopimelate epimerase (EC 5.1.1.7) was assayed manometrically by the method of White et al. (1969) . Diaminopimelate decarboxylase required for this assay was purified from E. coli W by the method of White (1971) . Diaminopimelate decarboxylase (EC 4.1.1.20) was assayed manometrically by the method of White (197 1) . Diaminopimelate dehydrogenase was assayed by recording the reduction of NADP+ at pH 10.5 in CO:-/HCO; buffer (Misono et al., 1979) . Homoserine dehydrogenase (EC 1 . 1 . 1 .3) was assayed by recording the aspartic P-semialdehyde-dependent oxidation of NADH in an anaerobic reaction mixture similar to that of Black & Wright (1955 b). Glutamate dehydrogenase (EC 1.4.1.4) and glutamate synthase (EC 1.4.1.13) were assayed at pH 7-6 with NADPH as co-factor as described by Meers el al. (1970) under the anaerobic conditions described by White (1979) . Glutamine synthetase (EC 6.3.1.2) was assayed by measuring at 540 nm the y-glutamyl hydroxamate formed from glutamate and hydroxylamine in a reaction mixture similar to that of Bender et al. (1977) . Pyruvate dehydrogenase (EC 1.2.4.1) and oxoglutarate dehydrogenase (EC 1.2.4.2) were assayed according to the method of Schwartz & Reed (1 970). Acetyfornithinase (acetylornithine deacetylase; EC 3.5.1.16) was assayed by the method of Vogel & McLellan ( 19 70) . N-Acetyl-y-glutamokinase (EC 2.7.2.8) was assayed by the method of Baich & Vogel (1962) . N-Acetylornithine 6-aminotransferase (EC 2.6.1.1 1) was assayed by the method of Vogel & Jones (1970) . N-Acety1ornithine:glutamate acetyltransferase (EC 2.3.1.35) was assayed by the method of Denes (1970) . Ornithine carbamojdtransferase (EC 2.1.3.3) was assayed by the method of Nakamura & Jones (1970) . Citrulline was estimated colorimetrically (Archibald. 1944) .
Chemicals. DL-Aspartic P-semialdehyde was synthesized by ozonolysis of DL-ally1 glycine by the method of Black & Wright ( 1955 a) . The concentration of the L-aspartic P-semialdeh yde was determined enzymically using homoserine dehydrogenase purified from yeast (see Ward, 1975 ).
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Acetyl-CoA was prepared from CoA by the method of Stadtman (1957) and succinyl-CoA by a modification of this procedure. Succinic anhydride (20 pmol) in ethanol (0.1 ml) was added to CoA (10 pmol) in 0.2 M-KHCO,, pH 7.9 (1 ml). After 5 min the pH was adjusted to 6.5 by addition of 50 pl 3 M-HCl.
Isomers of diaminopimelate were prepared as described by Saleh & White ( 1976) . L-A'-Tetrahydrodipicolinate (L-2-amino-6-ketopimelate) was prepared from rneso-diaminopimelic acid by the action of the enzyme rneso-diaminopimelate D-dehydrogenase (Misono et af., 1979) . The enzyme was purified from Bacillus sphaericus NCTC 9602 (grown in medium A3; White & Lotay, 1980) as far as precipitation with ammonium sulphate (Misono et al., 1979) when its activity was 900 nmol min (mg protein)-'. A mixture (2 ml total vol.) of Na,CO,/NaHCO, buffer, pH 10.5 (200 pmol) NADP+ (10 pmol), rneso-diaminopimelate (10 pmol) and 0.4 mg enzyme protein was incubated at 30 "C until the A,,, of a sample (10 pl) diluted in buffer pH 10.5 ( 1 ml) had risen to 0.52. Na,3SS0, was from Amersham.
R E S U L T S
Excretion of lysine and ornithine Bacillus megaterium CII19 was isolated from soil as a lysine excretor in a medium containing only 0.3 mM-SO:-(Chatterjee & Banerjee, 1972). The strain when cultivated in medium A1 (White, 1972) showed rapid and heavier growth but did not produce lysine; ornithine was excreted instead. By replacing the sulphates in medium A 1 with equimolar amounts of chlorides (modified Al), and supplementing with small amounts of Na,SO,, it became clear that the excess of SO:-(1 5 mM) in medium A 1 shifted amino acid excretion from lysine to ornithine. Lysine production in modified medium A1 was greatest when S O P was added at 0.14 mM. Different amounts of SO:-, or cysteine. HC1 or methionine were then added with modified A1 medium, and the two amino acids had an effect similar to that of SO:- (Table 1) .
Enzymes of lysine biosynthesis
The enzymes of lysine biosynthesis were next studied (Table 2) using limited (0-14 mM) and excess (0.7 mM) concentrations of SO:-, in batch-and chemostat-grown organisms. The measured enzyme activity was the same, whether an untreated or a dialysed extract was used, in every assay except that for N-acetyl-aminoketopimelate : glutamate aminotransferase, where only a dialysed extract was active. Excess SO:-repressed the activity of aspartokinase, aspartic P-semialdehyde dehydrogenase, dihydrodipicolinate synthase and N-acetyl-aminoketopimelate aminotransferase. The activities of the other enzymes of the lysine pathway were not altered by the excess of SO:-. In general, activities of all the enzymes were higher in chemostat-grown bacteria than in those from batch cultures.
That the bacteria were indeed growing in the chemostat under SO:-limitation was established by the isotopic method of Haddock & Garland (1971); Na,%O, was added (2.5 pCi 1-I; 92 kBq 1-l) to 20 1 SOi--limited medium, which was administered to the chemostat. Samples were withdrawn from the steady state of growth in the chemostat and radioactivity was measured in this liquid before and after removing the bacteria by centrifuging. The radioactivity supplied in the medium (as Na,35S0,) from the SO:--limited culture in the chemostat was 5800 c.p.m. ml-'. The effluent from the chemostat had an activity of 4235 c.p.m. ml-I, but when the organisms were removed from this liquid only 384 c.p.m. ml-' remained in the supernatant fluid. Hence, nearly all the sulphur had been taken up by the bacteria which could, therefore, be regarded as sulphur-limited. This SO:--limited culture contained 11 mg glycerol ml-' at steady state, whereas the culture with excess SO$-contained no detectable glycerol, and was therefore carbon-limited. Both chemostat cultures contained NHZ.
No assay for tetrahydrodipicolinate acetylase has previously been published, because until recently the preparation of L-tetrahydrodipicolinate was difficult. In the assay reported here with B. megaterium, the enzyme reaction was specific for acetyl-CoA and succinyl-CoA was Lysine synthesis in Bacillus megaterium Table 1 . EfJ'ects of SO:-, cysteine and rnethionine on amino acid excretion by
B. megaterium CIIl9
The organisms were grown in shaken flasks in modified medium A1 with different additions. Culture filtrates were analysed for lysine or ornithine after 48 h incubation. The organisms were grown in modified medium A I with limited (0.14 mM) and excess (0.7 mM) SO:-. Bacteria were harvested after 20 h (late-exponential phase), when lysine was being excreted, or at steady state; they were washed, extracted and assayed as described in Methods. Enzyme activities are expressed as nmol min-' (mg protein)-' except for dihydrodipicolinate synthase (see footnote). ineffective. In contrast, succinyl-CoA reacted with tetrahydrodipicolinate when an extract of E. coli was used [ 10 nmol min-' (mg protein)-'] whereas acetyl-CoA was inactive.
In order to explain the repression by SO:-of four enzymes, their activities were studied in organisms cultivated in SO:--limited medium with methionine, or threonine or methionine plus threonine (Table 3 ). In addition, the effects on these enzymes were investigated when the amino acids were added to the assay mixture (Table 4) : only aspartokinase was inhibited. It is notable that aspartic P-semialdehyde dehydrogenase and the branch point enzyme dihydrodipicolinate synthase were insensitive to lysine even when they were assayed in extracts from bacteria at early-and mid-exponential phases of growth, before excretion of lysine had begun. Organisms were grown in shaken flasks in modified medium A 1 with 0.14 mM-SO:-, and harvested at the late-exponential phase of growth. Enzyme activities are expressed as a percentage of the specific activity (shown in parentheses: units as for Additions to the assay system were made with an extract of organisms grown in modified medium A 1 with limited (0.14 mM) SO:-. Enzyme activities are expressed as percentages of the specific activity obtained (shown in parentheses: units as for 
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The activity was unaltered when SO:-was omitted from the assay system (MgSO, replaced by MgCl,) or when SO:-in the assay system was made 1 mM.
Properties of aspartokinase When added to the assay system, threonine alone inhibited 5 1 % of the aspartokinase activity of bacteria grown with limited SO:- (Table 4) . Neither methionine nor lysine alone was inhibitory; when they were added together 48 % inhibition resulted. Methionine, threonine and lysine when added together completely inhibited aspartokinase. Cysteine alone or together with lysine did not inhibit aspartokinase activity at all.
Methionine partly repressed aspartokinase (Table 3) , and the residual activity was insensitive to methionine or lysine alone ( 1 mM in the assay mixture) but was inhibited strikingly (85 %) by threonine (1 mM). Methionine and lysine when added to the assay mixture partly inhibited (1 6 %) the residual aspartokinase activity present in organisms grown with methionine. Threonine also partly repressed aspartokinase (Table 3 ) and the residual activity was insensitive to inhibition by threonine, methionine or lysine alone, but completely inhibited The organisms were grown in batch culture, harvested, and extracts were assayed as described in when methionine and lysine were added together in the assay system. Addition of methionine and threonine together in the growth medium led to a small residual activity of aspartokinase (Table 3 ) which was insensitive to methionine, threonine or lysine alone but was completely inhibited by methionine plus lysine.
Enzymes of ornithine biosynthesis
To find a reason for ornithine excretion with excess SO:-, enzymes related to the glutamic acid and ornithine biosynthetic pathways were measured ( Table 5 ). The strain studied has the potential to synthesize glutamic acid in excess. The organisms are biotin-requiring, and glutamate dehydrogenase, glutamate synthase and glutamine synthetase are all present with high activity, whereas the activity of 2-oxoglutarate dehydrogenase is low. The activities of the enzymes that lead to ornithine are similar in ornithine excreting and non-excreting conditions. The bacteria grown with excess SO:-, however, had a lower activity of ornithine carbamoyltransferase, which converts ornithine to citrulline. No acetylornithinase was detected, whereas N'-acetylornithine : glutamate acetyltransferase was present. This later enzyme has been presumed to be responsible in part for forming N-acetylglutamate. The enzyme N-acetylglutamate synthase was not assayed. Because of the difficulty of preparing its substrate, the enzyme N-acetyl-y-glutamyl semialdehyde dehydrogenase was also not assayed. However, the activities of the other enzymes of the pathway set an upper limit [about 30 nmol min-' (mg protein)-'] at which ornithine could be formed.
D I S C U S S I O N
None of the enzymes of lysine biosynthesis in extracts of B. megaterium CII19 had activities that were strikingly higher than have been found in other bacteria which do not excrete lysine. In fact, the rate of formation of lysine might only be about 10 nmol min-' (mg protein)-', that is, the rate of the slowest enzymic step (tetrahydrodipicolinate acetylase) in the pathway. Nevertheless, such a rate is consistent with the observed rate of excretion of lysine in a batch culture during the stationary phase. A population of bacteria representing 1 mg protein (ml culture)-' could be capable of accumulating 6 mM-lysine during a 10 h period. In fact, the observed concentration of lysine after such a period was 5 -8 mM.
Lysine alone did not inhibit any enzyme of the biosynthetic pathway. However, when present together with methionine, lysine partly inhibited aspartokinase. This potentiation by methionine of a regulatory effect of lysine, together with the repression of several enzymes by methionine, may perhaps explain why lysine is only excreted when the bacteria have grown with a low concentration of sulphur in the medium. With limited sulphur the organisms may not form a sufficient excess of methionine for the lysine pathway to be shut off. In B.
megaterium CII 19, SO:-, cysteine or methionine repressed several enzymes of lysine biosynthesis, though among these sulphur compounds, only methionine inhibited aspartokinase (in combination with lysine), and it seems reasonable to suppose that methionine is really responsible as well for repression. Although no lysine was excreted when methionine was present, the repression(s) by this amino acid could really be a concerted effect of methionine and lysine that might have accumulated within the bacteria before any repression (and inhibition) by methionine was potentiated. Similarly, the repression of aspartokinase by threonine might possibly be a concerted effect with internal lysine.
Repression and inhibition of aspartokinase have been much studied in many organisms (see review by Umbarger, 1978) . However, the pattern of control of this enzyme in B . megaterium CII19 is novel. It is consistent with the presence of two aspartokinases, one repressed and inhibited by threonine alone (compare the aspartokinase I of E. coli), the other repressed by methionine and inhibited by lysine plus methionine, but not affected by either of these amino acids alone.
Bacillus megaterium CII 19 has some of the features of a glutamate-excreting organism. Possibly excretion of lysine is advantageous for the bacteria in comparison with glutamate-excretion, since accumulation of lysine does not cause the medium to become acidic. During synthesis of one molecule of lysine from oxaloacetate, two molecules of glutamate would be converted to 2-oxoglutarate while one molecule of oxaloacetate and one of pyruvate would be diverted from citrate formation and hence away from production of oxoglutarate. As well, two molecules of NADPH would be consumed. When lysine synthesis is prevented (by sulphur compounds) glutamate might instead be diverted to ornithine. This process would consume one molecule of glutamate, convert another molecule to oxoglutarate, and use one molecule of NADPH per molecule of ornithine formed.
The lysine-excreting organisms that are used commercially are generally mutants which lack homoserine dehydrogenase. By growing such mutants with limiting concentrations of methionine and threonine any regulatory effects of these amino acids on lysine production are avoided. It would be interesting to measure lysine formation by a similar auxotrophic mutant of B. megaterium CII19.
